INTRODUCTION
One of the striking aspects of CNS development is that different regions of this tissue develop according to different schedules, with great variations seen in the timing of both neurogenesis and gliogenesis. For example, neuron production in the rat spinal cord is largely complete by the time of birth, is still ongoing in the rat cerebellum for at least several days after birth, and continues in the olfactory system and in some regions of the hippocampus of multiple species throughout life. Similarly, myelination has long been known to progress in a rostral-caudal direction, beginning in the spinal cord significantly earlier than in the brain (e.g. Foran and Peterson, 1992; Kinney et al., 1988; Macklin and Weill, 1985) . Even within a single CNS region, myelination is not synchronous. In the rat optic nerve, for example, myelinogenesis occurs with a retinal-to-chiasmal gradient, with regions of the nerve nearest the retina becoming myelinated first (Foran and Peterson, 1992; Skoff et al., 1980) . The cortex itself shows the widest range of timing for myelination, both initiating later than many other CNS regions (e.g. Foran and Peterson, 1992; Kinney et al., 1988; Macklin and Weill, 1985) and exhibiting an ongoing myelinogenesis that can extend over long periods of time. This latter characteristic is seen perhaps most dramatically in the human brain, for which it has been suggested that myelination may not be complete until after several decades of life (Benes et al., 1994; Yakovlev and Lecours, 1967) .
Variant time courses of development in different CNS regions could be due to two fundamentally different reasons. One possibility is precursor cells are sufficiently plastic in their developmental programs that local differences in exposure to modulators of division and differentiation may account for these variances. Alternatively, it may be that the precursor cells resident in particular tissues express differing biological properties related to the timing of development in the tissue to which they contribute.
In respect to the generation of oligodendrocytes, the myelin-forming cells of the brain and spinal cord, there is ample evidence for extensive plasticity in the behavior of O-2A/OPCs, 3 which appear to be the direct ancestor of oligodendrocytes. O-2A/OPCs obtained from the optic nerves of 7 day old (P7) rat pups and grown in the presence of saturating levels of platelet-derived growth factor (PDGF, one of the important mitogens for these cells (Noble et al., 1988; Richardson et al., 1988) exhibit an approximately equal probability of undergoing a self-renewing division or exiting the cell cycle and differentiating into an oligodendrocyte (Yakovlev et al., 1998b) . The tendency of dividing O-2A/OPCs to generate oligodendrocytes is enhanced if cells are co-exposed to such signaling molecules as thyroid hormone, ciliary neurotrophic factor or retinoic acid (e.g. Barres et al., 1994a; Ibarrola et al., 1996; Mayer et al., 1994) . In contrast, co-exposure to neurotrophin-3 or basic fibroblast growth factor inhibits differentiation and is associated with increased precursor cell division and self-renewal (Barres et al., 1994b; Bö gler et al., 1990; Ibarrola et al., 1996) . The balance between self-renewal and differentiation in dividing O-2A/OPCs can also be modified by the concentrations of the signaling molecules to which they are exposed, as well as by intracellular redox state (Smith et al., 2000) . Thus, the effects of the microenvironment could theoretically have considerable effects on the timing and extent of oligodendrocyte generation.
In our present studies we have asked whether it is possible to isolate oligodendrocyte precursor cells with properties that might be associated with divergent patterns of development in different CNS regions. As it is wellestablished that O-2A/OPCs isolated from animals of different ages can have different properties (Gao and Raff, 1997; Wolswijk and Noble, 1989; Wolswijk et al., 1990; , we have focused our studies on young postnatal rats (P7), an age when myelination is already ongoing in multiple brain regions, so as to not have results confounded by age-dependent differences. Our results demonstrate that the CNS of early postnatal rats contains multiple O-2A/OPCs that exhibit markedly different properties, both in respect to their intrinsic tendency to undergo self-renewing divisions and in their response to inducers of oligodendrocyte generation. These differences, which appear to be cellintrinsic and also appear to be correlated with intracellular redox state, indicate a previously unanticipated complexity of phenotypes among precursor cells that give rise to the same differentiated cell type. The characteristics of these populations are such as to be consistent with the hypothesis that differences in the timing of myelinogenesis may be due, at least in part, to the local utilization of oligodendrocyte precursor cell populations with fundamentally different properties.
MATERIALS AND METHODS

Preparation of A2B5
؉ Precursor Cells
All A2B5 ϩ populations were identically prepared from P7 rat pups and purified by immunopanning, as described previously (Mayer et al., 1994) . Optic nerve and chiasm were separated from each other within 1-2 mm of the nerve side of the chiasm (so as not to introduce chiasm-derived cells into the population of nervederived cells). For cortical dissections, the olfactory bulbs, hippocampus, striatum, and meninges were removed from the cortical hemispheres of 7-day-old rats. The dorsal surface of the cortex was then carefully removed, taking care not to include corpus callosum with the cortical tissue. All tissues were minced and dissociated with collagenase (4.43 mg/ml, Worthington; 30 min at 37°C) and papain (22.5 U/ml, Worthington; 45 min at 37°C). After enzymatic treatment, DNAse (500 ug/ml, Worthington) was added, and cells were centrifuged (5 min at 1000 rpm; RT). Cells then were mechanically dissociated using a 21g needle. Finally progenitor cells were purified by immunopanning, using first negative selection on dishes coated with the Ran-2 antibody [to remove type-1 astrocytes and meningeal cells (Bartlett et al., 1981; Raff et al., 1983a) ] and with the anti-galactocerebroside (GalC) antibody to remove oligodendrocytes (Ranscht et al., 1982) . Cells were then positively selected with the A2B antibody to obtain A2B5 ϩ cells. The only exception to this procedure was in the cortex, where anti-GalC panning was foregone once it was determined that no oligodendrocytes were present in the cell isolates at this age of cortical development.
Analysis of Division and Differentiation
Differentiation was determined by analysis with cell-type specific antigens for mass cultures and by a combination of morphological and antigenic analysis for clonal cultures. All antibodies have been described previously. The A2B5 mouse IgM monoclonal antibody (Eisenbarth et al., 1979) and IgG 3 anti-GalC monoclonal antibody (Ranscht et al., 1982) were prepared as hybridoma supernatants, and diluted 1:3 in DMEM-BS or wash buffer. These antibodies against cell-surface antigens were applied to cells (either living or fixed for 15 min in 4% para-formaldehyde for 15 min at room temperature) for 25-30 min, followed by washing and application of fluorochrome-conjgated secondary antibodies (Southern Biotechnology, diluted 1:100). After staining, cells were fixed with methanol (Ϫ20°C, 10 min) and stained with monoclonal IgG1 antibody (Chemicon) or rabbit antiserum (Dakopatts) against glial fibrillary acidic protein (GFAP), an astrocyte specific cytoskeletal element (Bignami et al., 1972) , followed by fluorescein conjugated secondary antibody (Southern Biotechnology). In general, streptavidin-coumarin was used to visualize anti-GalC staining, rhodamine-conjugated antibodies to visualize A2B5 labeling and fluorescein-conjugated secondary antibodies to visualize labeling with anti-GFAP antibodies. Wash buffer was Hank's balanced salt solution, 5% heat inactivated donor calf serum, and 0.05% (w/v) sodium azide, and was buffered to pH 7.4 and filtered before use. Specimens were viewed on a Zeiss Axiophot microscope equipped with phase contrast optics, interference contrast optics, epifluorescent illumination and selective filters for rhodamine, fluorescein, and coumarin.
Mass cultures were used to analyze differentiation in some experiments. 2000 -4000 cells were plated on poly-L-lysine (PLL; 20 ug/ml; SIGMA)-coated 13 mm glass coverslips in basal culture medium, except in the default experiment in which cultures were plated in DMEM-BS in the presence or absence of thyroid hormone (see Results). Cells were grown for the indicated amount of time and stained with A2B5, anti-GalC and anti-GFAP antibodies.
Clonal analysis was used to study division and differentiation. After dissection and purification, 250 -500 cells were plated in T-75 flasks (Nunc) coated with PLL. These plating densities yielded a range of 100 -150 clones per 80 cm 2 flask (i.e. an average density of Ͻ 1 clone/15 mm 2 ). Cells were cultured in Dulbecco's modified Eagle's medium (Gibco), supplemented with 25 ug/ml gentamicin, 1 ug/ml bovine pancreas insulin (Sigma), 100 ug/ml human transferrin (Sigma), 0.0286% BSA pathocyte (Worthington), 0.2 uM progesterone (Sigma), 0.10 uM putrescine (Sigma), 0.224 uM selenium (Sigma) modified from (Bottenstein and Sato, 1979 ) (DMEM-BS). Cultures also received platelet-derived growth factor (PDGF; 10 ng/ml) every other day. After 24 h, cells were analysed visually to identify single cells growing in sufficient isolation from other cells so as not to compromise clonal analyses. Clones were marked and numbered on the plastic to allow daily identification, and were examined each day for the duration of the experiment. In differentiation experiments, thyroid hormone (36 ng/ml Tri-Iodothyronine ϩ 30 ng/ml thyroxine; SIGMA) and/or ciliary neurotrophic factor (10 ng/ml; Peprotech) were added to the culture medium every other day.
Clonal cultures were monitored for cell death, as well as for differentiation. In all conditions, the ability to visualize cells readily and the lack of macrophages in the culture meant that cells that died were readily observable. As expected in cultures exposed to progesterone, insulin and PDGF (along with, in some experiments, other survival promoting factors), cell death was a rare phenomenon in these experiments. No instances of O-2A/OPC death were observed, and oligodendrocyte death was observed extremely rarely over the time courses studied. Thus, the results reported were not confounded by cell death in the cultures.
At the end of each experiment, flasks were labeled with A2B5 and anti-GalC antibodies to confirm the cell-type identification carried out using morphological criteria. Both analytical methods gave essentially identical results. Each experiment was repeated in triplicate in each series, and each triplicate series was repeated a minimum of three, and usually four times.
All clonal data are shown in 3-dimensional graphs in which the number of oligodendrocytes per clone is represented on the Z (orthogonal) axis, the number of progenitor per clone on the Y (horizontal) axis and the number of clones of any particular composition on the Y (vertical) axis. Thus, clones grouped towards the orthogonal axis have a greater representation of oligodendrocytes, while those spread along the horizontal axis consist wholly, or predominantly, of progenitor cells. This data presentation allows full analysis these clones. While statistical analysis of such graphs is not possible, the reader is referred to (Boucher et al., 1999; Yakovlev et al., 1998a, b; Zorin et al., 2000) for considerations related to the quantitative analysis of differentiation at the clonal level. 
Co-culture and Conditioned Medium Experiments
Analysis of Intracellular Redox State
O-2A/OPCs(ON), O-2A/OPCs(OC), and O-2A/OPCs(CX) were dissected and immunopurified as described in detail in Smith et al. (2000) . Cells then incubated with 50 g/ml CMTM-H 2 -Rosamine (Molecular Probes; referred to in the text as Rosamine) for 10 min. Cells were washed three times in Ca 2ϩ /mg 2ϩ -free Hank's Balanced Salt Solution without (HBSS). Paraformaldehyde and 500 L HBSS (1% final concentration) was added to increase dye retention once the labeling period was completed, and cells were detached with a COSTAR cell lifter. Cells were analyzed on a Becton Dickinson FACScan excited by an Argon-ion laser. Under these conditions, unstained cells were on average 10 -20 times less fluorescent than cells exposed to the dye under the above conditions. We also examined labeling in equilibrium conditions with similar outcomes (equilibration of the dye required longer incubation times (around 30 min) and 30 min incubation for dye efflux and was achieved at dye concentrations as low as 5 g/ml, with parformaldehyde ended after the full equiibration period). The conditions used were determined to maximize the read-out of cytosolic ROI levels, as typically used for such analysis. If the dye was allowed to go to equilibrium this redox sensitive-dye yielded essentially identical results, as the dye becomes fully oxidized over the time course required to equilibrate. Samples were stable for up to 30 min after para-formaldehyde fixation and the numbers of samples analyzed was such as to make certain that all measurements were obtained within this time period.
RESULTS
Terminology
The qualifiers (CX), (OC), and (ON) are used throughout to refer to populations isolated from cortex, optic chiasm, and optic nerve, respectively.
A2B5
؉ Precursor Cells Isolated from P7 Rat Cortex, Optic Chiasm, and Optic Nerve Exhibit Identical
Patterns of Response to Inducers of Astrocyte Generation
One of the most critical means by which a precursor cell population is defined is to determine what kind of differentiated progeny it may generate. In particular, in respect to glial precursor cells of the CNS, the characterization of a novel A2B5
ϩ tripotential glial-restricted progenitor (GRP) cell from embryonic spinal cord has demonstrated the importance of identifying the kinds of astrocytes to which a precursor cell may give rise. GRP cells and O-2A/OPCs differ markedly in their response to inducers of astrocyte generation. Specifically, GRP cells exposed to either fetal calf serum or bone morphogenetic proteins give rise predominantly to A2B5
Ϫ astrocytes with a flattened fibroblastlike morphology (i.e. type-1 astrocytes) while O-2A/OPCs exposed to these same inducers of differentiation give rise exclusively to A2B5 ϩ stellate (i.e. type-2) astrocytes (Raff et al., 1983b; Rao et al., 1998) .
Examination of the response of A2B5 ϩ cells purified from cortex, optic chiasm, and optic nerve of P7 rats to 3 days of exposure to FCS or BMP-4 revealed that all of these populations behaved identically. All astrocytes generated expressed the stellate A2B5 ϩ GFAP ϩ phenotype of type-2 astrocytes (as described previously for optic nerve (Raff et al., 1983b; Rao et al., 1998) , with no generation of type-1 astrocytes. Thus, all three of these populations express the response pattern that characterizes the O-2A/OPC, rather than that which characterizes GRP cells. As all of these populations also give rise to oligodendrocytes (as discussed in the remainder in these studies), we use the O-2A/OPCs(ON) grown in the basal growth conditions that we have previously described to promote cell division and allow oligodendrocyte generation for these cells (i.e. DMEM-BS/PDGFϩ, TH-; (Ibarrola et al., 1996) yielded results similar to those seen previously. 57 Ϯ 11% (mean Ϯ SEM) of clones of O-2A/OPCs(ON) contained at least one oligodendrocyte after 3 days of in vitro growth in these conditions, and this proportion increased to 86 Ϯ 8% after 6 days in vitro growth ( Self-renewal was even more enhanced, and generation of oligodendrocytes even more reduced, in populations of O-2A/OPCs(CX) than in cells derived from the optic nerve or optic chiasm. In clones of O-2A/OPCs(CX) grown in DMEM-BS/TH -, only 3 Ϯ 2% of clones contained at least one oligodendrocyte after 3 days of in vitro growth, and this proportion increased only to 6 Ϯ 6% after 7 days of in vitro growth (Fig. 1C) . Even after 10 days of in vitro growth, less than 20 Ϯ 1% of O-2A/OPC(CX) clones grown in PDGF contained one or more oligodendrocyte (not shown). Similarly, the overall percentage of oligodendrocytes in O-2A/ OPC(CX) cultures was markedly lower in O-2A/OPC(CX) clones than in clones of O-2A/OPCs(ON) at all time points analyzed (Fig. 1D) . The percentage of oligodendrocytes seen in clonal cultures of O-2A/OPCs(CX) was Ͻ 2% on day 3, 7, and 10 in these basal division conditions. Even in those clones that did contain oligodendrocytes, the proportion of oligodendrocytes in these clones was still low: These clones rarely contained more than one to two oligodendrocytes In these three-dimensional depictions of data, the number of progenitors per clone is shown on x (horizontal) axis, the number of oligodendrocytes is shown on the z (orthogonal) axis and the number of clones with any particular composition is scored on the y (vertical) axis. Thus, clones that are spread along the horizontal axis consist predominantly, or wholly, of progenitor cells while clones clustered towards the orthogonal axis consist predominantly, or wholly, of oligodendrocytes. As shown, the great majority of clones in O-2A/OPC(ON) cultures contained at least one oligodendrocyte at this 6 day time point (1A). Differentiation was much less extensive in cultures of O-2A/OPC(OC) cells at 6 days (1B). In cultures of O-2A/OPC(CX) cells (here shown at a day 7 time point), not only was differentiation less extensive but the average rate of cell division was also greater over this time period, leading to larger clonal sizes (1C). The differences between O2A/OPC(ON) and O-2A/OPC(CX) cultures in regards to differentiation were striking at all time points examined (Fig. 1D ) Note, in this regard, the different scales in the graph of clonal composition of cortical cells. The figures show the results of representative experiments that were repeated a minimum of 4 times with identical results, except for Fig. 1D which is a collation of data from three separate experiments.
regardless of the number of O-2A/OPCs found within the clone.
The ability of O-2A/OPCs(CX) to undergo extended selfrenewal when exposed to PDGF was associated with the generation of large clonal sizes and with division that continued for several weeks of in vitro growth. O-2A/ OPCs(CX) isolated as single cells and grown in the presence of PDGF for 10 days generated clones with average sizes of 100 Ϯ 16 cells/clone, a three-fold expansion in clonal size over that observed on day 7 (Fig. 2) . In contrast, clones derived from optic nerve did not exhibit significant expansion in their numbers after day 7, at which time point the average clonal size was 7 Ϯ 4 cells. Moreover, O-2A/ OPCs(CX) cells were capable of dividing for more than 6 weeks when exposed continuously to PDGF (data not shown). CX) . Cells were plated in ratios of 1:20, with the population to be examined in a smaller dot surrounded by a larger ring of the putative producers of a modulatory factor(s) (Cell numbers ϭ dot-800 -1000 cells; ring-10,000 -30,000 cells.) As controls, we cultured both the O-2A/ OPCs(CX) and the O-2A/OPCs(ON) in the presence of other cells of the same type. To determine whether co-culture might alter the ability of one population to influence the behavior of the other population, we also grew the cells in medium conditioned by either progenitor population in the absence of co-culture.
The Differing
We found that the likelihood of O-2A/OPCs(CX) and O-2A/OPCs(ON) undergoing either self-renewal or differentiation into oligodendrocytes was unchanged by exposure to medium conditioned by the other cell type (Fig. 3) . derived from the optic nerve exhibited extensive differentiation, while cells derived from chiasm exhibited extensive self-renewal (data not shown).
O-2A/OPCs(OC) and O-2A/OPCs(CX) Differ from O-2A/OPCs(ON) in Their Responsiveness to TH and to Ciliary Neurotrophic Factor as Inducers of Differentiation
We next examined the responsiveness of O-2A/ OPCs(OC) and O-2A/OPCs(CX) to two well-characterized inducers of oligodendrocyte generation, thyroid hormone and ciliary neurotrophic factor (Barres et al., 1994a; Ibarrola et al., 1996; Mayer et al., 1994) , to determine whether these cells also differed from their optic nerve-derived counterparts in their responsiveness to these signaling molecules.
Both O-2A/OPCs(OC) and O-2A/OPCs(CX) were induced to generate oligodendrocytes by exposure to TH, but the extent of induction was markedly less than was observed in cultures of optic nerve-derived cells. Fig. 4B shows the generation of oligodendrocytes in O-2A/OPC(OC) cultures grown in the presence of TH. As shown (by comparison with Fig. 1B) , TH exposure was associated with a marked reduction in the proportion of clones consisting only of O-2A/OPCs after 6 days of in vitro growth (22 Ϯ 9% in the presence of TH, 64 Ϯ 13% without), as well as with a marked increase in the number of clones containing only oligodendrocytes (49 Ϯ 9% in the presence of TH, 28 Ϯ 5% without). The extent of oligodendrocyte generation that occurred in these cultures was less than that observed in optic nerve-derived cultures, in which 14 Ϯ 8% of the clones consisted only of precursor cells at this time point in the absence of TH, and 6 Ϯ 5% when TH is present.
OPCs(CX) were even less responsive to TH exposure than were O-2A/OPCs(OC). As shown in Fig. 4C , exposure of O-2A/OPCs(CX) to TH for 7 days was associated with a marked increase in the generation of oligodendrocytes, with a eightfold increase in the percentage of clones containing only oligodendrocytes (2% vs. 16%) and a 3.5-fold increase in the number of clones containing at least one oligodendrocyte (16% vs. 58%). Still further increases in the proportion of clones containing at least one oligodendrocyte were seen after 10 days of in vitro growth in the presence of TH. At this time point, 93 Ϯ 2% of the clones contained at least one oligodendrocyte (data not shown), thus confirming that the overwhelming majority of these clones were capable of generating oligodendrocytes. Nonetheless, when compared directly with the extent of differentiation seen in cultures of O-2A/OPCs(ON) grown in these conditions, it was apparent that even when grown in the presence of TH, cultures of O-2A/OPCs(CX) were far less likely to exhibit extensive differentiation than was seen in the optic nervederived cultures (see inset in Fig. 4C Fig. 5B with Fig. 1B) . The proportionate representation of oligodendrocytes in these cultures was similarly modulated. As shown in Fig. 5 A (Fig. 5E ). When these cells were grown in the presence of CNTF for 7 days, ϳ2 Ϯ 1% differentiated into oligodendrocytes, as compared with a figure of Յ 1Ϯ 0% in cultures exposed to PDGF alone. The proportion of clones containing oligodendrocytes in the absence and presence of CNTF was also approximately the same after 7 days in culture (6 Ϯ 6% in the absence of CNTF and 7 Ϯ 1% when CNTF was present). However, CNTF did have an effect on 0 -2A(CX) cultures by reducing cell numbers within a clone, presumably by slowing the rate of cell division. The average clone size in the presence of CNTF was 8 Ϯ 2 cells, as compared with 31 Ϯ 9 cells in its absence. CNTF also seemed slightly to enhance differentiation induction by TH (Fig. 5E ). As mentioned above, the percentage of oligodendrocytes generated by O-2A/OPC(CX) after 7 days in vitro growth was 5 Ϯ 2% in the presence of TH and 2 Ϯ 1% in the presence of CNTF. In contrast, exposure to both factors induced 12 Ϯ 4% of O-2A/OPC(CX) progenitors to become oligodendrocytes, a very marked increase over the value of 0.2 Ϯ 0.2% observed in cultures growing in the presence of PDGF alone.
Many O-2A/OPCs(CX) do not undergo default differentiation into oligodendrocytes when grown in the absence of mitogen.
Still another difference distinguishing these three O-2A/ OPC populations was observed when cells were grown in mitogen-free chemically-defined medium, where the behavior of O-2A/OPC(CX) populations differed markedly from the other populations examined. As shown in Fig. 6 , after 3 days of growth in chemically-defined medium lacking thyroid hormone (DMEM-BS/TH-) 42.4% Ϯ 0.9% of the FIG. 4 . The ability of TH to promote oligodendrocyte generation is greatest in cultures derived from optic nerve (A), less in chiasm-derived cultures (B), and still less in cortex-derived cultures (C). Nonetheless, as evidenced by comparison with Fig. 1 , TH did nonetheless, induce oligodendrocyte generation in all three of these populations. Figure 4D We recently have found that intracellular redox state is closely correlated with the self-renewal characteristics of O-2A/OPCs isolated from optic nerves of P7 rats (Smith et al., 2000) . In these studies, we found that freshly isolated O-2A/OPCs (from P7 optic nerve) that possessed a relatively reduced intracellular environment were most likely to undergo continued self-renewing divisions when grown in the presence of PDGF. In contrast, when grown in precisely the same conditions, cells that were more oxidized were more likely to differentiate into oligodendrocytes in the absence of extensive in vitro division. Moreover, we found that pharmacological manipulation to make cells more reduced antagonized the differentiation-inducing abilities of TH. Thus, in several respects, the behavior of O-2A/OPCs(OC) and, to an even greater degree O-2A/ OPCs(CX), resembled the behavior of O-2A/OPCs(ON) with a more reduced intracellular redox state.
To determine whether O-2A/OPCs isolated from optic nerve, optic chiasm, or cortex differed in their intracellular redox state in a manner consistent with their self-renewal characteristics, we labeled freshly isolated cells with the reduced rosamine derivative CMTM-H 2 ROS (Rosamine), and analyzed them by flow cytometry. This dye has virtually no fluorescence until oxidized, presumably by intracellular peroxides. Thus, greater fluorescence corresponds with a more oxidizing intracellular environment, while diminished fluorescence indicates a more reducing one. As Rosamine is one of the redox-sensitive dyes that is most directly sensitive to the balance between oxidative and reducing equivalents, this dye provides one of the broadest measures of redox state (Whitaker et al., 1991) .
O-2A/OPCs (CX) progenitors displayed significantly lower levels of oxidative equivalents (as determined by 
DISCUSSION
Characterization of precursor cells for oligodendrocytes isolated from optic nerve, optic chiasm and cortex of P7 rats has revealed that each of these populations expresses distinct biological properties. In particular, cells isolated from optic nerve, optic chiasm and cortex of identically aged rats show marked differences in their tendency to undergo self-renewing division and in their sensitivity to known inducers of oligodendrocyte generation. Precursor cells isolated from the cortex, a CNS region where myelination is a more protracted process than in the optic nerve, appear to be intrinsically more likely to begin generating oligodendrocytes at a later stage and over a longer time period than cells isolated from the optic nerve, raising the possibility that the different time courses of myelination in these CNS regions may reflect different biological properties of the resident precursor cell population.
Before discussing results in depth, it is first important to address the terminology used to describe these cells. Our present findings that there are striking dissimilarities between precursor cells isolated from different CNS regions, yet with the same apparent lineage restrictions requires introduction of terminology that allows one to specifically designate these different populations. We have addressed this need by adding the qualifiers (CX), (OC), or (ON) to refer to cells isolated from cortex, optic chiasm, or optic nerve, respectively.
One of the surprising findings to emerge from our studies was the extent to which self-renewal characteristics and response to inducers of differentiation differed in precursor cells that all give rise to oligodendrocytes and are isolated from postnatal animals of a single age. For example, O-2A/ OPCs isolated even from adjoining CNS regions, the optic nerve and the optic chiasm, exhibited marked differences in their probability of undergoing differentiation when grown in the presence of PDGF sans inducers of differentation (e.g. TH, CNTF). Still more different from optic nerve-derived cells were O-2A/OPCs(CX), which were able to undergo continuous self-renewal for many days when grown in basal division conditions, generating large clones of up to 300 cells that consisted predominantly of O-2A/OPCs and containing very few oligodendrocytes. Even after 10 days of in vitro growth in these conditions, the average clonal composition in O-2A/OPC(CX) cultures consisted of 99.5% progenitors and 0.5% oligodendrocytes. The average clonal composition in O-2A/OPC(ON) cultures at this time point, in contrast, was 37% O-2A/OPCs and 63% oligodendrocytes. Indeed, OPCs(CX) derived from P7 rats could be maintained as dividing cells in basal division medium for at least 6 weeks (unpublished observations), a continuation of division that we have never observed in cultures of O-2A/ OPCs(ON) grown in these conditions.
Regulation of the generation of oligodendrocytes also was markedly different between O-2A/OPCs(CX) and those of the optic nerve and optic chiasm. When grown for three days in mitogen-free medium, Ն 98% of O-2A/OPCs(ON) and O-2A/OPCs(OC) differentiated into oligodendrocytes, in agreement with previous studies on optic nerve-derived cells (Noble and Murray, 1984; Raff et al., 1983b) . In contrast, when O-2A/OPCs(CX) were grown in the same conditions, even for 5 days, Ͻ60% of the progenitor cells differentiated into oligodendrocytes. Thus, it is clear that a large subset of O-2A/OPCs(CX) differed from O-2A/OPCs (ON) and O-2A/OPCs (OC) in whether or not differentiation into oligodendrocytes occurred by default when cells were grown in the absence of mitogens. Addition of TH to basal division medium increased the extent of oligodendrocyte generation by O-2A/OPCs derived from both chiasm and cortex (as for cells from the optic nerve itself). Nonetheless, O-2A/OPC (CX) clones grown even in the presence of TH for 10 days still only consisted, on average, of 25% oligodendrocytes, a figure far less than that observed from nerve-or chiasm-derived populations. As previously observed for populations of nerve-derived O-2A/OPCs (Barres et al., 1996; Mayer et al., 1994) , CNTF was an effective inducer of oligodendrocyte generation in populations of chiasm-derived O-2A/OPCs. In contrast, however, CNTF had little effect by itself on the differentiation of cortical O-2A/OPCs, although it did enhance oligodendrocyte generation in this population when co-applied with TH.
The varied properties we have observed in different O-2A/OPC populations could theoretically represent a developmental progression, for which the phenotype of O-2A/ OPC(ON) cells represents the most mature pattern of behavior. While it is difficult to rule out this possibility, some observations suggest that, at least for O-2A/OPC(CX) cells, this may not be true. As all cells were isolated from animals of the same age, invoking a developmental progression would require positing a different timing of this progression in each tissue, which would still make these populations biologically different from each other. Indeed, the fact that O-2A/OPCs(CX) continue to express their characteristic potential for continuous and extended selfrenewal even after 6 weeks of in vitro growth suggests that if such a transition occurs, it may occur over quite a long time frame. In addition, O-2A/OPCs(CX) derived from P13 cortex remain far more prone to undergo self-renewal than O-2A/OPCs (ON) isolated from P7 animals (unpublished observations). For example, Ͻ20% of O-2A/OPC(CX) clones derived from P13 rats contained 1 or more oligodendrocytes after 7 days of in vitro growth in the basal division condi-tions of DMEM-BS/TH -, PDGF ϩ , as compared with a value of 94% for O-2A/OPC(ON) clones from P7 rats. The proportion of P13-derived O-2A/OPC(CX) clones containing at least one oligodendrocyte was increased to 67% in the presence of TH, but even in these conditions only 25% of the cells in the cultures actually differentiated into oligodendrocytes after 7 days (as compared with a value of Ͼ80% for O-2A/OPC(ON) cells from P7 rats). Thus, it is possible that the cortex-derived cells are continuously different from their counterparts isolated from other regions of the CNS. Considering prior suggestions that O-2A/OPCs of the optic nerve migrate into this tissue from the optic chiasm (Ono et al., 1997; Small et al., 1987) , however, we suspect it is more likely that the nerve and chiasm populations will be found to represent a developmental continuum. In this regard, it is tempting to interpret the data of Fig. 1 to indicate that the main difference between the nerve-and chiasm-derived populations is that the chiasm isrelatively devoid of those cells that tend to generate oligodendrocytes in the basal division conditions of exposure to PDGF in the absence of other mitogens or inducers of differentiation.
We suggest that our present results may be analogous with our earlier discovery that O-2A/OPCs isolated from postnatal and adult optic nerve express properties consistent with the physiological requirements of the tissue of origin (Wolswijk and Noble, 1989; Wolswijk et al., 1990; Wren et al., 1992 (Wren et al., 1992) . In short, O-2A/OPC perinatal progenitor cells express properties that might reasonably be expected to be required during early CNS development (e.g. rapid division and migration, and the ability to rapidly generate large numbers of oligodendrocytes). In contrast, O-2A/OPC adult progenitor cells express stem cell-like properties that appear to be more consistent with the requirements for maintenance of a largely stable oligodendrocyte population, and the ability to enter rapid division as might be required for repair of demyelinated lesions (Wolswijk and Noble, 1989; Wren et al., 1992) .
If it is correct that distinctive physiological requirements of tissues of dissimilar developmental ages are associated with different biological properties of their resident precursor cells, then similar principles might apply also at a single physiological age. In analogy with our proposal that the (Ono et al., 1995; Small et al., 1987) . Thus, it would not be surprising if progenitor cells of the optic chiasm expressed properties expected of cells at a potentially earlier developmental stage than those cells that are isolated from optic nerve of the same physiological age. Such properties would be expected to include the capacity to undergo a greater extent of self-renewal, much as has been seen when the properties of O-2A/OPCs from optic nerves of embryonic rats and postnatal rats have been compared (Gao and Raff, 1997) . In respect to the properties of cortical progenitor cells, physiological considerations also appear to be consistent with our observations. The cortex is one of the last regions of the CNS in which myelination is initiated, and the process of myelination also can continue for extended periods in this region (Foran and Peterson, 1992; Kinney et al., 1988; Macklin and Weill, 1985) . If the biology of a precursor cell population is reflective of the developmental characteristics of the tissue in which it resides, then one might expect that O-2A/OPCs isolated from this tissue would not initiate oligodendrocyte generation until a later time than occurs with O-2A/OPCs isolated from structures in which myelination occurs earlier. In addition, cortical O-2A/OPCs might be physiologically required to make oligodendrocytes for a longer time due to the long period of continued development in this tissue, at least as this has been defined in the human CNS (e.g. Benes et al., 1994; Yakovlev and Lecours, 1967) . It will be of interest to determine whether similar heterogeneity is maintained even in the adult, which has been reported to harbor differing OPC populations (Gensert and Goldman, 2001) . Our findings extend upon our previous analyses of oligodendrocyte development by demonstrating expression of tissue-specific properties as well as age-specific properties by cells that share the common property of being able to generate oligodendrocytes. Moreover, the observation that cell-intrinsic differences might be associated with different levels of responsiveness to inducers of differentiation adds a new degree of complexity to our understanding of the means by which the balance between self-renewal and differentiation is modulated in dividing O-2A/OPCs once oligodendrocyte generation begins. We previously proposed that once this stage of oligodendrocyte creation is initiated, the regulation of differentiation is shifted from control by a cell-intrinsic biological clock to regulation by the environment (Ibarrola et al., 1996) . Our present results suggest that the extent of environmental regulation that occurs is modu-lated by cell-intrinsic properties that modify responsiveness to environmental signals.
Our results raise the further-intriguing possibility that at least one of the cell-intrinsic properties that regulate selfrenewal and responsiveness to environmental factors is intracellular redox state. We have recently discovered (Smith et al., 2000) that the self-renewal characteristics of O-2A/OPCs derived from optic nerve is dramatically modified by redox state and also that the ability of extracellular signaling molecules to modify the balance between selfrenewal and differentiation seems to work in part through redox state modulation. We found that agents that cause cells to become more reduced render them less susceptible to action of TH as an inducer of oligodendrocyte generation. It seems particularly striking that the differences between O-2A/OPC(CX), O-2A/OPC(OC), and O-2A/OPC(ON) populations are very much like differences we have recently described as being modulated by intracellular redox state, and that the comparative redox states of these three populations are precisely as would be predicted from these other analyses.
Finally, it will be important to determine whether the differences we have observed will be associated with differing patterns and extents of oligodendrocyte production following transplantation of these various populations in vivo. Although it is well established that transplanted O-2A/OPCs can readily repair demyelinating damage (e.g. (Groves et al., 1993; Utzschneider et al., 1994; Warrington et al., 1993) , it might be that cells with the characteristics of O-2A/OPCs(CX) can generate a larger number of oligodendrocytes from each injected cell than would be the case for O-2A/OPCs(ON), an outcome that would indicate a greater potential utility of O-2A/OPC(CX)-like cells in such applications.
